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PREFACE 
T h e  i n n o v a t i o n  p r o c e s s ,  d e f i n e d  h e r e  t o  i n c o r p o r a t e  t h e  
f u l l  c y c l e  f rom i n v e n t i o n  t o  f u l l  c o m m e r c i a l i z a t i o n ,  i s  s l o w .  
I t  c a n n o t  b e  e n c o m p a s s e d  w i t h  t i m e  h o r i z o n s  o f  less t h a n  24 
y e a r s .  Many i n n o v a t i o n s  r e q u i r e  h a l f  a c e n t u r y  o r  more  t o  
r e a c h  c o m m e r c i a l  m a t u r i t y .  
Yanagement  o f  t h e  i n n o v a t i o n  p r o c e s s  i s  c r i t i c a l  t o  t h e  
management  o f  t e c h n o l o g y ,  b u t  t h e  s l o w n e s s  o f  t h e  p r o c e s s  makes 
i t  d i f f i c u l t  f o r  c o n v e n t i o n a l  e c o n o m i s t s  o r  p o l i c y  makers, who 
t y p i c a l l y  c o n s i d e r  1 5  y e a r s  a \  l o n g - t e r m  f o r e c a s t  o r  p l a n ,  t o  
u n d e r s t a n d  o r  c o n t r o l .  
T h e  s i t u a t i o n ,  i n  s h o r t ,  i s  o n e  i n  w h i c h  t h e  a b s e n c e  of 
t h e o r e t i c a l  u n d e r s t a n d i n g  l i m i t s  t h e  e f f e c t i v e n e s s  o f  m a n a g e r i -  
a l  p r a c t i c e .  A c c o r d i n g l y  o n e  a p p r o p r i a t e  n i c h e  f o r  a p p l i e d  s y s -  
tems a n a l y s i s  i n  t n i s  c a s e  i s  d e v e l o p m e n t ,  a p p l i c a t i o n  a n d  
t e s t i n g  of  t h e o r e t i c a l  m o d e l s .  
Toward t h i s  end  t h e  i n n o v a t i o n  t a s k  o f  I I A S A ' s  Yanagement  
a n d  T e c h n o l o g y  Area  is s t u d y i n g  t h e  m e c h a n i s m s  o f  t e c h n o l o g i c a l  
s u b s t i t u t i o n .  One p h a s e  o f  t h i s  work i s  b e i n g  c o n d u c t e d  
t h r o u g h  c o n s t r u c t i o n  a n d  a n a l y s i s  o f  a ser ies  d y n a m i c  s i m u l a -  
t i o n  m o d e l s ,  TFCB:, TECH2 ... TZCY.N. 
T h e  p r e s e n t  w o r k i n g  p a p e r  is o n e  o f  a se r i e s  d e s c r i b i n g  
t h e s e  m o d e l s .  I t s  p u r p o s e  i s  o n e  o f  c l a r i f i c a t i o n ,  s i m p l i f i c a -  
t i o n  and c o m m u n i c a t i o n .  I t  a t t e m p t s ,  by u s e  o f  s t a t i c  g r a p h i -  
c a l  f i g u r e s ,  t o  make t h e  d y n a m i c  p r o c e s s  d e s c r i b e d  i n  t h e  
m o d e l s  more  u n d e r s t a n d a b l e .  I t  i s  c o m p l e m e n t a r y  t o  w o r k i n g  
p a p e r s  by  t h e  same a u t h o r  e n t i t l e d  " ~ e c h n o l o q i c a l  S h i f t :  A 
C y b e r n e t i c  E x p l o r a t i o n " ,  a  s e m i - t e c h n i c a l  d e s c r i p t i o n  o f  TECS:, 
and  " T e c h n o l o g i c a l  S h i f t :  A s  R e l a t e d  t o  T e c h n o l o g i c a l  L e a r n i n g  
and T e c h n o l o g i c a l  C h a n g e " ,  a  d i s c u s s i o n  o f  some t h e o r e t i c a l  a n d  
p h i l o s o p h i c a l  a s p e c t s  o f  t h e  s t r u c t u r e  p o s e d  i n  t h e  TECY 
m o d e l s .  
Later  papers  i n  t h e  s e r i e s  w i l l  desc r ibe  TTC52, a  v a r i a n t  
of TECB r e s t r u c t u r e d  t o  assume a  planned economy r a t h e r  than 
f r e e  market comwetit ion,  and a p p l i c a t i o n  of TqCY t o  h i s t o r i c a l -  
l y  observed t echno log ica l  s u b s t i t u t i o n s .  
I n  the  f i r s t  s i x  months of 1 9 8 9  t h e  e n t i r e  s e r i e s  of work- 
ing papers  w i l l  be c o l l e c t e d  i n t o  a  IIASA Research Report.  
Various p a r t s  of t h e  s e r i e s  a r e  being adapted f o r  s e p a r a t e  
j ~ u r n a l  p u b l i c a t i o n .  The author welcomes comments, q u e s t i o n s ,  
c r i t i c i s m s  and sugges t ions  on t h i s  or  any r e l a t e d  work. 
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PROGRESS FUNCTIONS AND LEARNING 
COSTS: A GRAPHICAL EXPLORATION 
J e n n i f e r  Robinson 
INTRODUCTION 
The p r o g r e s s  f u n c t i o n s *  o f  many t e c h n o l o g i c a l  developments  
have been s t u d i e d  ( Y e l l e ,  1979) .  I n  g e n e r a l  d a t a  r e l a t i n g  mea- 
s u r e s  o f  performance--such as c o s t ,  f a c t o r  p r o d u c t i v i t y  o r  speed-- 
t o  measures o f  e x p e r i e n c e - - u s u a l l y  cumula t ive  o u t p u t - - y i e l d  re- 
s p e c t a b l e  c u r v e s ,  o f t e n  w i t h  good s t a t i s t i c a l  f i t s .  Indeed ,  
l e a r n i n g  phenomena are s u f f i c i e n t l y  u b i q u i t o u s  and s u f f i c i e n t l y  
r e g u l a r  t h a t  p r o g r e s s  f u n c t i o n s  can  b e  a rgued  t o  have g e n e r a l  l a w -  
l i k e  v a l i d i t y ,  and t o  d e s e r v e  a p l a c e  a l o n g s i d e  s u p p l y  c u r v e s ,  
demand c u r v e s ,  E n g l e ' s  c u r v e s  and o t h e r  t o o l s  o f  t h e  economis t  
t r a d e .  The l a w - l i k e  p r o p e r t i e s  o f  l e a r n i n g  c u r v e s  have  been 
argued by S a h a l  (1978,  1979) who i n  a d d i t i o n  t o  f i t t i n g  c u r v e s  t o  
i n d u s t r i a l  d a t a  h a s  deve loped ,  u s i n g  b o t h  p r o b a b i l i s t i c  and d e t e r -  
m i n i s t i c  r e a s o n i n g ,  a g e n e r a l  t h e o r e t i c a l  e x p l a n a t i o n  o f  t h e  pro; 
g r e s s  f u n c t i o n .  
Given t h a t  e n g i n e e r s ,  management s c i e n t i s t s ,  and o t h e r s  have  
proposed a new c u r v e ,  what  c a n  economics do w i t h  i t ?  Arrow (1962) 
h a s  proposed t h a t  p r o g r e s s  f u n c t i o n s  c a n  b e  employed macroeconomic- 
a l l y  t o  accoun t  f o r  t h e  e m b a r r a s s i n g l y  l a r g e  p o r t i o n  o f  p r o d u c t i v -  
i t y  growth t h a t  Solow (1957) , Abramovich (1956) and o t h e r s  found 
c o u l d  n o t  b e  a t t r i b u t e d  t o  p h y s i c a l l y  c o u n t a b l e  f a c t o r s  o f  produc- 
t i o n .  Rober t s  ( 1978) h a s  a rgued  t h a t  l e a r n i n g  c u r v e s  c o u l d  mean- 
i n g f u l l y  b e  a p p l i e d  t o  such  d i v e r g e n t  phenomenon a s  au tomobi le  ac- 
c i d e n t  r e d u c t i o n  and b i r t h  c o n t r o l  and l o n g e v i t y ,  w i t h  t h e  added 
p r o p o s a l  t h a t  g l o b a l  model ing  might  b e  improved by r e p r e s e n t i n g  
v a r i o u s  sys tem c o n s t r a i n t s  as s u b j e c t  t o  p r o g r e s s  f u n c t i o n s .  
*"Progress  f u n c t i o n "  and " l e a r n i n g  c u r v e "  are b o t h  used  i n  t h e  
l i t e r a t u r e  t o  d e s i g n a t e  r e l a t i o n s h i p s  between performance  and 
e x p e r i e n c e .  I n  t h i s  p a p e r  p r o g r e s s  f u n c t i o n  w i l l  g e n e r a l l y  b e  
used t o  a v o i d  t h e  anthropomorphic  c o n n o t a t i o n s  o f  t h e  word " l e a r n i n g "  
H e r e  it is  proposed t h a t  p rog res s  f u n c t i o n s  may a l s o  b e  use- 
f u l  i n  microeconomics. S p e c i f i c a l l y  it is  argued t h a t  j u s t  a s  
demand, supply and Engle cu rves  have been worked t o g e t h e r  i n t o  a 
theory  o f  t h e  i n t e r a c t i o n  between income change and market be- 
h a v i o r s ,  it may b e . p o s s i b l e  t o  combine demand, supply  and p r o g r e s s  
i n t o  a u s e f u l  p a r t i a l  t h e o r e t i c a l  e x p l a n a t i o n  of t e c h n o l o g i c a l  
s u b s t i t u t i o n .  
I n  p rev ious  pape r s  t h e  a u t h o r  used a dynamic model of  compe- 
t i t i o n  between produc t  l i n e s  t o  p o i n t  o u t  t h a t  i n c r e a s e  of pe r fo r -  
mance w i t h  exper ience  can c r i t i c a l l y  a f f e c t  t h e  dynamics o f  tech-  
n o l o g i c a l  s u b s t i t u t i o n  (Robinson 1979a, 197913). B a s i c a l l y ,  it 
was observed t h a t  p r o g r e s s  c r e a t e s  s t r o n g  p o s i t i v e  feedback loops.  
Experience l e a d s  t o  e f f i c i e n c y ,  e f f i c i e n c y  l e a d s  t o  expansion o f  
p roduc t ion  and t h u s  t o  f u r t h e r  exper ience .  It was f u r t h e r  noted 
t h a t  t h e  r e l a t i v e  shapes  and parameters  o f  t h e  o l d  and new loops  
de te rmine  whether t h i s  loop  t u r n s  o u t  t o  b e  a v i c i o u s  circle 
(poor  e f f i c i e n c y  -) expansion -) no p r o g r e s s  -m poor e f f i c i e n c y )  
o r  a snowball  e f f e c t  ( i n c r e a s e d  e f f i c i e n c y  -expansion -b pro- 
g r e s s  --r i n c r e a s e d  e f f i c i e n c y ) .  The dynamic p i c t u r e  was wonder- 
f u l l y  and mind bogg l ing ly  complex. Here w e  seek s i m p l i c i t y  and 
c l a r i t y  through d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  c e n t r a l  s t a t i c  fea-  
t u r e s  of  t h e  model - - re la t ive  and a b s o l u t e  p r o g r e s s  f u n c t i o n s .  
The paper proceeds  a s  fol lows:  F i r s t  a  s imple  c o n s t r u c t  o f  
t e c h n i c a l  p rog res s  du r ing  compet i t ion  between t e c h n o l o g i c a l  pro- 
c e s s e s  i s  p o s t u l a t e d .  This  l e a d s  t o  g r a p h i c a l  o b s e r v a t i o n  o f  t h e  
c o s t s  i ncu r r ed  i n  l aunching  t h e  new technology t o  a l e v e l  o f  pro- 
d u c t i o n  e f f i c i e n c y  where it can s u r v i v e  i n  market compet i t ion .  
Second, t h e  c o n s t r u c t  i s  used t o  examine t h e  way t h e  p r o g r e s s  
f u n c t i o n s  form a f f e c t s  l e a r n i n g  c o s t s .  Th i rd ,  t h e  problem o f  pro- 
d u c t  ( a s  opposed t o  p roduc t ion)  l e a r n i n g  i s  discussed .  F i n a l l y ,  
comments a r e  made about  t h e  r e l a t i o n s h i p  between t e c h n o l o g i c a l  
p rog res s  and t e c h n o l o g i c a l  innova t ion .  
THE SIMPLE MODEL 
I\ 
0 
CUMULATIVE OUTPUT 
Figure  1 .  E s t a b l i s h e d  technology progress  f u n c t i o n  and p r i c e  
curve.  Given cumulat ive  o u t p u t  To, technology T w i l l  f a c e  pro- 
duc t ion  c o s t  of Co and w i l l  o f f e r  i t s  goods a t  Po. 
Let us beg in  wi th  t h e  p rog res s  f u n c t i o n  of  an e s t a b l i s h e d  
technology T ,  p u t t i n g  t o t a l  f a c t o r  c o s t s  on t h e  y a x i s  and cumula- 
t i v e  o u t p u t  on t h e  x a x i s .  For  s i m p l i c i t y  a s imple  downward bend- 
i n g  curve  is used, l a t e r  more complex forms such a s  S curves  a r e  
considered.  Presuming p r i c e s  a r e  some margin above c o s t s  w e  can 
then  draw a p r i c e  curve P somewhat above t h e  l e a r n i n g  curve .  P r e -  
suming T has a cumulat ive  o u t p u t  o f  T u n i t s  it w i l l  then  be a t  
p o i n t  A a long  i t s  progress  f u n c t i o n  a8d have a u n i t  c o s t  of  Ya 
and a sales p r i c e  o f  Y . 
P 
Let us now add t o  t h i s  f i g u r e  t h e  p rog res s  f u n c t i o n  of  a new 
technology,T*, and fo l low what happens a s  T* accumulates produc- 
t i o n  exper ience .  Let  us t a k e  t h e  comrr.on and i n t e r e s t i n g  ca se  
shown i n  F igure  2 where T* beg ins  produc t ion  a t  l o w e r  e f f i c i e n c y  
and h ighe r  c o s t s  t han  T ,  b u t  has  t h e  p o t e n t i a l  t o  p rog res s  t o  
h ighe r  e f f i c i e n c y  through cumulat ive  exper ience.  L e t  us presume 
f o r  t h e  t i m e  being  t h a t  T* ' s  product  is  i n d i s t i n g u i s h a b l e  from T ' s  
produc t ,  and t h u s  t h a t  t h e  p r i c e  r ece ived  f o r  each technology ' s  
product  w i l l  be  t h e  same a t  any given p o i n t  i n  t i m e .  W e  g i v e  T* 
a p r i c e  curve  P*, t o  r e p r e s e n t  t h e  p r i c e s  T* would se l l  a t  i f  i t  
were a l o n e  on t h e  market and r e c e i v i n g  a p r o f i t  margin h igh  enough 
t o  j u s t i f y  f u r t h e r  investment.  I n  T* ' s  e a r l y  phases ,  however, 
it is c l e a r  t h a t  i t  w i l l  o p e r a t e  on a market d o ~ i n a t e d  by T and 
w i l l  be fo rced  t o  s e l l  a t  a  p r i c e  s u b s t a n t i a l l y  below P* a s  e s t ab -  
l i s h e d  by T ' s  c o s t  p o s i t i o n .  
I n  F i g u ~ e  2 i t  i s  apparen t  t h a t  f o r  T* t o  move down i t s  e f -  
f i c i e n c y  curve t o  where it  i s  c o s t  compet i t ive  w i th  T it w i l l  have 
t o  se l l  i t s  goods below c o s t  u n t i l  l e a r n i n g  b r i n g s  i t s  produc t ion  
c o s t s  below T ' s  produc t  p r i c e .  This  corresponds t o  a r eg ion  
such a s  t h e  blackened r eg ion  i n  F igure  2, whose upper bound 
is  e s t a b l i s h e d  by T* ' s  l e a r n i n g  curve,  and whose lower bound i s  
opportunity costs 
bsolute losses 
To Tn 
CUMULATIVE OUTPUT 
Figure  2. Old and new technology p rog res s  f u n c t i o n s .  
e s t a b l i s h e d  by T ' s  p r i c e  t r e n d  a s  mapped o n t o  T* ' s  p r o g r e s s  
down i t s  p r o g r e s s  f u n c t i o n .  I n  a d d i t i o n  T* w i l l  f o r e g o  a  normal 
p r o f i t  margin whose upper  bound i s  e s t a b l i s h e d  by t h e  new t ech -  
nology p r i c e  cu rve  P* and whose lower bound f o l l o w s  T ' s  p r i c e s .  
T h i s  cor responds  t o  t h e  c ross -ha tched  r e g i o n  i n  F i g u r e  2 .  
The e n t i r e  shaded a r e a ,  t h a t  i s ,  t h e  sum o f  a b s o l u t e  l o s s e s  
p l u s  foregone p r o f i t s ,  w e  s h a l l  te rm r e l a t i v e  l e a r n i n g  c o s t * .  A s  
r e l a t i v e  l e a r n i n g  c o s t s  appear  i n  t h e  n e x t  seven  diagrams,  t h e  
r e a d e r  i s  a d v i s e d  t o  n o t e  t h e  f e a t u r e s  o f  t h e  a r e a  c a r e f u l l y .  I n  
p a r t i c u l a r  it shou ld  be n o t i c e d  t h a t  t h e  lower  bounds o f  t h e  l e a r n -  
i n g  c o s t  r e g i o n  a r e  de te rmined  by T ' s  p r i c e s  mapped o n t o  T * ' s  
cumula t ive  o u t p u t - - i . e . ,  t h e  p r i c e  a t  which T* s e l l s - - and  t h a t  t h e  
upper bounds a r e  de te rmined  by t h e  cu rve  P*--that  i s ,  t h e  p r i c e s  
T* would a n t i c i p a t e  i f  it w e r e  n o t  competing w i t h  an  e s t a b l i s h e d  
technology.  
Dynamic Context  
S t a t i c  computa t ions  can o n l y  show p a r t  o f  t h i s  p i c t u r e .  The 
magnitude o f  l e a r n i n g  c o s t s  i s  h i g h l y  s u s c e p t i b l e  t o  dynamic f a c -  
t o r s  a r i s i n g  from t h e  i n t e r a c t i o n  o f  supp ly ,  demand, p r i c e ,  pro- 
f i t a b i l i t y  and inves tment .  A s  c a p a c i t y  accumulates  t h e  r a t e  o f  
o u t p u t  accumulat ion ,  and t h u s  o f  t e c h n i c a l  p r o g r e s s ,  a l s o  a c c e l e r -  
a t e s .  Th i s  p r o c e s s  t e n d s  t o  b e  slow under h i g h  l e a r n i n g  c o s t  con- 
d i t i o n s  a s  T*, when showing l a r g e  l o s s e s ,  f a i l s  t o  draw inves tment ,  
and may p r e v e n t  s u b s t i t u t i o n  a l t o g e t h e r .  I f  p r o g r e s s  c o n t i n u e s ,  
however, a  t u r n i n g  p o i n t  i s  e v e n t u a l l y  reached.  
A s  shown i n  F i g u r e  3 ,  when T* r e a c h e s  t h e  p o i n t  on i t s  pro- 
g r e s s  f u n c t i o n  where c o s t s  e q u a l s  p r i c e  it b e g i n s  t o  show a  pro-  
f i t ,  and when it r e aches  a  cumula t ive  o u t p u t  s u c h - t h a t  i t s  c o s t s  
-,market p r i c e  i n  r e l a t i o n  
to T ' s  cumula t ive  ou tput  , 
I 
*o 'n 
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F i g u r e  3. Price behav io r  i n  t h e  c o n t e x t  of T* and T p r o g r e s s .  
* I n  c o n s i s t e n t  t e rmino logy  w e  would have t o  s ay  p r o g r e s s  c o s t s .  
" R e l a t i v e "  because  t h e  a r e a  i s  e s t a b l i s h e d  f o r  T* c u r v e s  r e l a -  
t i v e  t o  T cu rves .  
\ 
drop below t h o s e  o f  T ,  t h e  t a b l e s  beg in  t o  t u r n .  T* becomes t h e  
more p r o f i t a b l e  o p e r a t i o n .  Consequent ly ,  T* i s  l i k e l y  t o  beg in  
r a p i d  c a p a c i t y  expans ion ,  which l e a d s  t o  more r a p i d  o u t p u t  accumu- 
l a t i o n  and more r a p i d  c o s t  dec rea se s .  The n e t  e f f e c t  is  a p t  t o  
i n c r e a s e  supp ly  and t o  d r i v e  p r i c e s  f r o n  P t o  P*. A s  p r i c e s  c r o s s  
T ' s  u n i t  c o s t ,  T  w i l l  beg in  l o o s i n g  money and w i l l  e v e n t u a l l y  be  
fo r ced  o u t  o f  b u s i n e s s  a s  T* expands i n t o  i t s  markets .  
VARIATIONS OF CURVE FORiVl 
The e x t e n t  t o  which l e a r n i n g  c o s t s  impede t e c h n o l o g i c a l  sub- 
s t i t u t i o n  p robab ly  depends on t h e  magnitude o f  t h e  c o s t s  i n  r e l a -  
t i o n  t o  t h e  magnitude of  t h e  expec ted  g a i n .  I n  t h e  above model 
w e  can n o t e  t h a t  l e a r n i n g  c o s t s  va ry  g r e a t l y  w i t h  t h e  shape ,  s l o p e  
and end p o i n t s  o f  T  and T * ' s  p r o g r e s s  f u n c t i o n s .  Some o f  t h e  
p a t t e r n s  o f  t h i s  v a r i a t i o n  can b e  s e e n  by comparing F igu re s  4a ,  
4b and 4 c .  I n  each  c a s e  T* i s  assumed t o  e n t e r  t h e  market w i t h  
ze ro  cumulate o u t p u t  whi le  T has  a  cumula t ive  o u t p u t  o f  T  . T  is  
assumed t o  have p rog re s sed  t o  a  emulative o u t p u t  T  ( p o i a t  N on 
i t s  p r b g r e s s  f u n c t i o n )  when T* r eaches  t h a t  v a l u e  of  cumula t ive  
o u t p u t ,  T *, which i s  r e q u i r e d  f o r  i t  t o  equa l  T* ' s  e f f i c i e n c y .  
n  
F igure  4a shows t h a t  a  s t r o n g l y  S-shaped cu rve  g r e a t l y  adds  
t o  t h e  new t echno logy ' s  l e a r n i n g  c o s t .  F igu re  4b shows t h a t  i f  
T* is  i n i t i a l l y  c l o s e  t o  T ' s  e f f i c i e n c y  it may b e  p r o f i t a b l e  q u i t e  
e a r l y  i n  i t s  development and f a c e  minimal l e a r n i n g  c o s t s .  F igu re  
4 c  shows t h r e e  t h i n g s .  F i r s t ,  i f  t h e  o l d  technology sel ls  i t s  
produc t  a t  ve ry  n e a r  c o s t  ( i . e . ,  o p e r a t e s  on a  h i g h l y  compe t i t i ve  
market )  t h e  new t echno logy ' s  l o s s e s  a r e  g r e a t l y  i n c r e a s e d .  T h i s  
s u g g e s t s  t h a t  p r i c e  c u t t i n g  can b e  an  e f f e c t i v e  s t r a t e g y  f o r  an  
e s t a b l i s h e d  technology f aced  wi th  c o n p e t i t i o n  by a  new technology ,  
o r ,  conve r se ly ,  t h a t  h igh  p r i c e  margins ( a s  i n  monopoly c o n d i t i o n s )  
may encourage i nnova t i on .  Second it shows t h a t  i f  T * ' s  e f f i c i e n c y  
p o t e n t i a l  is n o t  s u b s t a n t i a l l y  g r e a t e r  t h a n  T ' s ,  T* l e a r n i n g  c o s t s  
a r e  g r e a t l y  i n c r e a s e d .  Th i rd  it shows t h a t  conpe t i ng  w i th  a  t e ch -  
nology t h a t  h a s  y e t  s i g n i f i c a n t  o p p o r t u n i t y  f o r  t e c h n o l o g i c a l  ad- 
vance i s  a  g r e a t  d e a l  more expens ive  t han  competing wi th  a  t ech-  
n o l o g i c a l l y  s t a g n a n t  one.  
W e  a l s o  n o t e  t h a t  a l l  f u n c t i o n s  invo lved  have h igh  u n c e r t a i n t y .  
T  may make unexpected p r o g r e s s  when f a c e d  w i t h  compet i t ion .  T * ' s  
growth may f l o o d  markets  and d e p r e s s  p r i c e s  below c o s t  o r  T  may 
drop  p r i c e s  a s  a  compe t i t i ve  s t r a t e g y .  T* i t s e l f  may p r o g r e s s  
e i t h e r  more s lowly o r  more r a p i d l y  t han  a n t i c i p a t e d .  The assump- 
t i o n s  o f  p e r f e c t  knowledge s t a t i c  p r i c e  margins and con t inuous  
p rog re s s  f u n c t i o n  i m p l i c i t  i n  F igu re  2 ,  t h e r e f o r e  can be  r e l a x e d  
t o  l e a d  t o  a  c o n s t r u c t  such a s  F igu re  5a ,  i n  which e f f i c i e n c i e s  
and p r i c e s  a r e  shown a s  upper and lower  bounds. Here t h e  r e g i o n s  
o f  p r i c e  u n c e r t a i n t y ,  which c a r r y  o v e r  t o  se t  t h e  l e a r n i n g  c o s t ,  
a r e  shaded.  F igu re  5b--the l e a r n i n g  c o s t  mapping o f  F igure  5b-- 
shows t h e  p o t e n t i a l  v a r i a t i o n  o f  l e a r n i n g  c o s t s  r e s u l t i n g  from ex- 
treme c a s e s .  Examination o f  t h e  f i g u r e  r e v e a l s  t h a t  de layed  s t a r t  
and lesser e f f i c i e n c y  g a i n  c o u l g  g r e a t l y  i n c r e a s e  T* ' s  l e a r n i n g  
c o s t s ,  w h i l e  u n a n t i c i p a t e s  l a r g e  e f f i c i e n c y  g a i n s  and s e v e r e  p r i c e  
c u t t i n g  by T have t h e  p o t e n t i a l  t o  p ro long  T * ' s  r e g i o n  of  l e a r n i n g  
c o s t s  i n d e f i n i t e l y .  
F i g u r e  4a. 
F i g u r e  4b. 
' learning costs 
.earning costs 
To Tn 
CUMULATIVE OUTPUT 
CUMULATIVE OUTPUT 
F i g u r e s  4a ,  4b and 4c. V a r i a t i o n s  i n  r e l a t i v e  p r o g r e s s  f u n c t i o n s  
g r e a t l y  i n c l u e n c e  l e a r n i n g  c o s t s .  
maximum efficiency 
minimum price 
T* maximum pr 
T* minimum price 
I 
To 
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Figure 5a. Uncertainties in progress functions and price. 
possible added costs due to slow progress 
of T* 
possible added costs due to T making 
I fast ~rosress and cuttinq orices 
n A 
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Figure 5b. Uncertainties in learning costs. 
PROGRESS WITH PRODUCT MARKETABILITY 
Pure e f f i c i e n c y  compet i t ion  i s  r e l a t i v e l y  uncommon. For t h e  
most p a r t  p rocess  i nnova t ion  is  accompanied by produc t  innova t ion .  
This  r e s u l t s ,  t y p i c a l l y ,  i n  T * ' s  ou tpu t  s e l l i n g  a t  a  d i f f e r e n t  
p r i c e  than T ' s  ou tpu t .  I n  t i m e s  of  r i s i n g  income market condi- 
t i o n s  o f t e n  suppor t  i nnova t ions  w i t h  h i g h e r  p roduc t ion  c o s t s  t h a t  
se l l  a t  h i g h e r  market p r i c e s .  For example, c o l o r  t e l e v i s i o n  w i l l  
probably always f a c e  h ighe r  p roduc t ion  c o s t s  t han  b l ack  and whi te .  
Because consumers a r e  w i l l i n g  t o  pay f o r  t h e  i n c r e a s e  i n  product  
q u a l i t y ,  p r i c e s  f o r  c o l o r  TV a r e  n o t  fo rced  down t o  t h e  l e v e l  of  
t hose  f o r  b l ack  and w h i t e ,  and b lack  and wh i t e  p r i c e s  cannot  in-  
c r e a s e  t o  t h e  l e v e l  o f  c o l o r .  
A t t r a c t i v e n e s s  f a c t o r s ,  i n  t h a t  they i n t r o d u c e  t h e  p o s s i b i l i t y  
o f  d i f f e r e n t  p r i c e s  f o r  T and T*--greatly compl ica te  t h e  model. 
Le t  us  s t a r t  w i t h  t h e  case shown i n  F igu re  6 i n  which T* always 
f a c e s  h ighe r  c o s t s  t h a n  T (and t h e r e f o r e  has  a p rog res s  f u n c t i o n  
t h a t  i s  a t  a l l  p o i n t s  h i g h e r  t han  T )  b u t  i s  c o n s i s t e n t l y  pre- 
f e r r e d  by customers.  The p r i c e  a t  which T * ' s  p roduc t  sells  i s  i n  
a l l  c a s e s  h i g h e r  t han  T t s  p r i c e ,  and ( b a r r i n g  an extremely e f f i -  
c i e n t  monopoly) w i l l  n o t  i n  t h e  long  term be  more than  a reason- 
a b l e  margin above T * ' s  c o s t s .  However, i f  T* cannot  expand supply 
t o  keep up w i t h  demand--as may be  t h e  c a s e  o f  a technology wi th  
h igh  e n t r y  c o s t s  and/or  long con ' s t ruc t ion  t i m e s - - i t  may main ta in  
p r i c e s  a t  an immoderate margin above c o s t s  f o r  a t  l e a s t  a  few 
yea r s .  I n  t h i s  c a s e  t h e  p r i c e  a t  which T* sells  i t s  produc t  may 
exceed P* and nay f o r  any v a l u e  o f  T* ' s  c m - u l a t i v e  o u t p u t  be  any- 
where w i t h i n  t h e  bounds of  t h e  shaded r eg ion  above t h a t  cumulat ive  
ou tpu t .  For example, when T* has  a cumulat ive  ou tpu t  o f  Q it may 
se l l  a t  a p r i c e  anywhere between P* max and P* r i n .  Q Q 
The l o c a t i o n  o f  p r i c e  w i t h i n  t h i s  r eg ion  w i l l  depend on t h e  
dynamics of  supply and demand f o r  T * ' s  ou tpu t  a s  desc r ibed  pre-  
v ious ly .  
* 
P max Q 
* 
P min Q 
range of potential 
prices for T* given 
consumers prefer'T* 
---. \ 
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Figure  6 .  Product  innova t ion  where consumers p r e f e r  T*. 
Market ing  P r o g r e s s  
W e  can p o s t u l a t e  t h a t  f o r  non-commodities p r o d u c t  a t t r a c t i v e -  
n e s s  l i k e  p r o d u c t i o n  e f f i c i e n c y  i s  o f t e n  s u b j e c t  t o  a  p r o g r e s s  
f u n c t i o n .  For  example,  consumer u t i l i t y  o f  c a r s ,  r a d i o s ,  e lectr ic-  
i t y ,  t e l e v i s i o n  and t e l e p h o n e s  i n c r e a s e d  g r e a t l y  a s  t h e  p r o d u c t  
and t h e  s u p p o r t  i n f r a s t r u c t u r e  f o r  t h e s e  t e c h n o l o g i e s  expanded and 
improved. Computers a r e  f o l l o w i n g  a  s i m i l a r  p a t t e r n .  Also ,  i n  
many c a s e s  consumers l e a r n  t o  a c c e p t  a  product--even if p r o d u c t  
q u a l i t y  and i n f r a s t r u c t u r e  remain  c o n s t a n t  t h e r e  seems t o  be  a  
tendency f o r  an  i n n o v a t i o n ' s  a p p e a l  t o  i n c r e a s e  a s  " t h e  word g e t s  
a round"  a s  v a l u e s  change and p r e j u d i c e s  a r e  overcome. 
L e t  u s  f o r  conven ience  d e f i n e  i n c r e a s e d  p r o d u c t  a t t r a c t i v e -  
ness a s  an  i n c r e a s e  i n  t h e  amount consumders a r e  w i l l i n g  t o  pay, 
c e t e r u s  p a r i b u s , f o r  one u n i t  o f  p r o d u c t .  Under t h i s  d e f i n i t i o n ,  
t e c h n o l o g i c a l  p r o g r e s s  w i l l  l e a d  t o  a  c u r v e  s u c h  a s  A i n  F i g u r e  
7. Superimposed on t h e  p r o d u c t i o n  e f f i c i e n c y  p r o g r e s s  f u n c t i o n  E l  
A r e v e a l s  a  new s o r t  o f  l e a r n i n g  cost--which w e  s h a l l  c a l l  a b s o l u t e  
l e a r n i n g  c o s t  ( t o  i n d i c a t e  t h a t  w e  v i s u a l i z e  it f o r  a  s i n g l e  t e c h -  
nology,  i r r e s p e c t i v e  o f  c o m p e t i t i o n )  . 
The magnitude o f  a b s o l u t e  l e a r n i n g  c o s t  s i g n i f i e s  t h e  c o s t s  
imposed o n  a n  i n n o v a t i o n  because  it s t a r t s  o u t  w i t h  h i g h  c o s t s  
and weak marke t ing  f e a t u r e s .  I t  w i l l  v a r y  g r e a t l y  i n  s i z e  w i t h  
t h e  s h a p e s  o f  t h e  p r o d u c t i o n  e f f i c i e n c y  and a t t r a c t i v e n e s s  p r o g r e s s  
f u n c t i o n s  j u s t  a s  r e l a t i v e  l e a r n i n g  c o s t s  w e r e  shown t o  v a r y  i n  
F i g u r e s  4a ,  4 b  and 4 c .  For  some t e c h n o l o g i e s  it may be z e r o .  
: of ignoring efficiency 
cost of ignoring 
marketing attributes 
price consumers will 
pay for 1 unit of 
output 
absolute learning cost 
cost of producing 
, /- .- , L 1 unit of outuut 
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F i g u r e  7 .  Absolu te  l e a r n i n g  c o s t s  a s  d e r i v e d  from t h e  combina- 
t i o n  of  p r o d u c t  and p r o c e s s  p r o g r e s s  f u n c t i o n s .  
It can also be seen from Figure 7 that absolute learning 
costs are greatly increased if a new technology fails either to 
increase efficiency or to improve marketing attributes while 
failure in both dimensions leads to infinite costs. It may be 
inferred from this diagram that a nation that balances its tech- 
nical progress between production efficiency improvements and 
marketing efficiency improvements will have lower learning costs, 
and thus probably more rapid overall rates of innovation than one 
that focuses entirely on either production or marketing. 
SUMMARY AND CONCLUSIONS 
In the preceding text a series of theoretical propositions 
were set forth and deductions drawn from them. By way of con- 
clusion these propositions and deductions are reviewed and comment 
made about their potential theoretical and practical contributions. 
Initially, it was asserted using graphical representation that 
learning costs related to production efficiency can be approximated 
ceterus paribus, from the respective progress functions of an old 
and a new technology, plus knowledge of the old technology's states 
of technical progress at the point at which the new technology 
enters the market and the point at which it equals the old tech- 
nology's production efficiency. From this assertion it was shown 
graphically: (1) that learning costs will vary greatly for 
different relative forms and magnitudes of old and new technology 
progress functions; and (2) that uncertainty concerning prices 
and future rates of progress will tend to make learning costs very 
uncertain. 
Later attention turned to market related factors. First it 
was noted that prices, rates of progress, profitability and capac- 
ity accumulation are dynamically linked and that their dynamic 
interaction can greatly affect learning costs. Second, it was 
observed: (a) that process innovation and product innovation 
often occur together and that product innovation often resulted 
in competing technologies selling at different prices and, (b) 
that such differentials in marketability could greatly alter 
learning costs. This led to the proposition that marketability 
may also be subject to a progress function and to the deduction 
that products with low initial attractiveness and low initial 
production efficiency may face absolute learning costs due to 
their own initial constitutions on top of the relative learning 
costs imposed on them by competitive necessity. 
How are these propositions useful? It is too early to tell. 
A model's value is best gauged by its power to explain observed 
facts and to predict and permit control of future events. The 
model posed above has not been empirically tested. It remains to 
be seen whether data can be assembled to estimate learning costs 
for specific technological innovations*. If it can, it remains 
*The task of empirical testing will require widespread search 
through old trade journals, corporate records, engineering texts, 
and other specialized materials and is not feasible at IIASA. 
to be seen whether the costs calculated will be useful in explain- 
ing differing rates of technological substitution or will lead 
insight into how better to manage innovations. 
I anticipate that attempts to test will show the following: 
1. Data are poor, however the differences between the progress 
function configurations for various technological sub- 
stitutions are so great that even crude estimates will 
be informative. 
2. Innovations confronted with extraordinarily high learning 
costs have succeeded only by virtue of special circum- 
stances such as war (computers, radar), highly specialized 
markets or the occurrence of a complementary technological 
substitution that reduced learning costs. 
- .  
3. The importance of progress in product marketability has 
generally been underestimated. The initial success of 
the mechanized textile industry, of steel ground flour, 
and of many other basic substitutions of the Industrial 
Revolution was as much a consequence of consumer prefer- 
ence for the new products as of added production effi- 
ciency through economies of scale and division of labor.* 
I expect that such findings particularly as worked into a 
dynamic model may have practical and theoretical utility in: 
1. Leading to improved understanding of the magnitude and 
nature of the obstacles confronting various technological 
substitutions that are going more slowly than society 
would like, thereby leading to wiser policy decisions on 
how to expedite technological substitutions. 
2. Leading toward an organized and balanced perspective on 
process (efficiency) innovation and product (marketability) 
innovation, thus toward improved balancing of research 
and development activities between product design, pro- 
duction engineering and marketing activities. In the 
*The importance of marketability stands out to adoption of high 
technology production methods in case studies on choice of tech- 
nique in flour grinding and block making in Kenya (Stewart 1978). 
In the flour grinding case, steel ground flour proved non- 
competitive with water grinding and use of hammer mills--except 
that the ~narket supported prices for the steel ground product 
that were 60% above those for the alternative methods, and that 
market conditions permitted capacity utilization for the steel 
ground product that was three or more times higher than for the 
other techniques considered. Field studies on choice of technique 
may be a good source of material for testing the learning cost 
concept. 
process, the model might upgrade the debate over market 
pull versus technological push by providing a framework 
in which to examine how the two interact. 
3. Providing insight into pricing strategies for new products 
in non-market economies. 
4. Focusing attention on critical factors, such as initial 
and potential efficiencies and marketabilities and re- 
tardations of progress that greatly increase costs, 
thereby redirecting data collection and analytical in- 
vestigation into more fruitful channels. 
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